Meso-2,3-butanediol dehydrogenase (meso-2,3-BDH) catalyzes NAD + -dependent conversion of meso-2,3-butanediol to acetoin, a crucial external energy storage molecule in fermentive bacteria. In this study, the active tunnel of meso-2,3-BDH was identified. The two short a helixes positioned away from the a4-helix possibly expose the hydrophobic ligand-binding cavity, gating the exit of product and cofactor from the activity pocket. Further MM/GBSAbinding free energy analysis shows that Phe212 and Asn146 function as the key product-release sites. Site-directed mutagenesis experiments targeted to the sites show that the k cat of Phe212Tyr is enhanced up to (4-8)-fold. The original activity of Asn146Gln is retained, but the activity of Asn146Ala mutation is lost. These results could provide helpful guidance on rational design of short-chain dehydrogenases/reductases.
A number of microorganisms, such as Candida glabrate [1] , Geobacillus [2] , Bacillus subtilis [3] [4] [5] , Klebsiella oxytoca [6] [7] [8] [9] , Bacillus amyloliquefaciens [10, 11] , Serratia marcescens [12] , Enterobacter aerogenes [13, 14] , and Klebsiella pneumoniae [15, 16] produce a relatively large amount of acetoin (AC) and meso-2,3-butanediol (2,3-BD) during the fermentation processes. Biological production of AC and 2,3-BD has received increasing interests because of their potential to be used as a source for biofuels, food industry, and other industrial applications [17, 18] . However, the application of microbiological ferment method to produce AC and 2,3-BD in a laboratory and industry scale is often hindered by substrate and product inhibition [9] . Enzyme activity inhibition has been the bottleneck in increasing the yield in the fermentation process. In addition, due to the safety issues of using a pathogenic organism, industrial-scale production of AC and 2,3-BD has not yet been established. Therefore, the biological platform for microbial AC and 2,3-BD production needs to be further refined and improved.
The interconversion between (3R)-AC and meso-2,3-BD or (3S)-AC and (2S,3S)-2,3-BD was catalyzed by meso-2,3-butanediol dehydrogenase (meso-2,3-BDH). Previous studies from our lab have shown that the Asp194Gly mutation away from the active site resulted in a dramatic decrease in the activity [19] . In this work, we start from the structure of meso-2,3-BDH from K. pneumoniae to increase the activity of enzyme.
The preorganization of catalytic sites is critical for the catalytic activity of all enzymes. Protein dynamics undergo conformational change throughout enzyme catalytic processes and adopt various configurations Abbreviations 2,3-BD, 2,3-butanediol; AC, acetoin; meso-2,3-BDH, Meso-2,3-butanediol dehydrogenase; PDB, Protein Data Bank; RMSD, root-meansquare-displacement; SDR, short-chain dehydrogenases/reductases. that are suited to different roles, such as substrate binding, chemical conversion, and product release [20] . Among them, the rate-determining step is hard to be derived from k cat and k cat /K m . Understanding structural details of these conformational changes is crucial for enzyme engineering. For instance, investigation into the product-release processes has successfully provided clues for enhancing activity or selectivity [21, 22] .
There are many studies about structures of the BDH [23, 24] which belong to the classical short-chain dehydrogenases/reductases (SDR) family. Most members of SDR family are proteins of about 250 amino acid residues. They share low sequence similarities, but with largely superimposable backbones (Fig. 1) . Moreover, they adopt the same catalysis mechanism for carbonyl reduction and subsequent protonation of the intermediate. The Ser139 residue is involved in stabilizing the substrate binding, transition state, and the product. The role of Tyr152 residue is to act as a general base for proton transfer. A proton relay mechanism involves Tyr152, the nicotinamide ribose moiety of the coenzyme, Lys156, and carbonyl/hydroxyl groups of the substrates [25] [26] [27] . However, the biophysical principles that determine how the products are released from the binding sites and what are the protein conformational changes that take place during the release of the products is poorly understood.
These enzymes share around 42% sequence identity and have core structural similarity in Rossmann fold which displays a specific G/AxxGxxG/A cofactor binding motif. The diversity of two short a-helices (aFG1 and aFG2, consists of residues 190-210, Fig. 1A ) is the biggest difference among the family members, which has been proposed to mediate the substrate selectivity and product-release processes. The kinetic parameter, k cat , combined all the steps from the ternary complex of enzyme-NAD-AC to the release of the last product (NADH) in the reaction, which inspires studies on finding out the roles of amino acid residues presented in the two short a-helices in the product release and controlling enzyme catalytic turnover number (k cat ). However, these questions have proven to be extremely difficult to address, because they involve unstable transient structural states of the enzymes. Previously, it has been found that three amino acid mutations (Gln140Ile, Asn146Phe, and Trp190His) reversed the stereoselectivity of meso-2,3-BDH and greatly reduced the activity to 1.64% for meso-2,3-BD and 52.7% for (2S,3S)-2,3-BD [24] . In this study, we set to explore the structure-function relationships to generate hypotheses about product-release pathways of meso-2,3-BDH through in silicon modeling and experimental validations. Based on structural and molecular dynamics simulations, we discovered the active tunnel of meso-2,3-BDH, which gives an in-depth understanding on the enzyme action. Further experimental validations demonstrate that the catalytic efficiency of meso-2,3-BDH can be effectively engineered by modifying the active tunnel.
Materials and methods

Structure preparation and molecular docking
The initial structure of meso-2,3-BDH was taken from the Protein Data Bank (PDB code: 1GEG). The mutant enzyme structures were created by Swiss-Model [28] . The AC was acquired from a ZINC [29] database (http://zinc.d ocking.org/). Molecular docking of AC was performed by LEDOCK [30] (http://lephar.com/) which utilized a combination of simulated annealing and genetic algorithm for the optimization of position, orientation, and rotatable bonds of a ligand in protein active pocket. Prior to the docking, the enzymes were added with hydrogen atoms by the H++ [31] server at pH 8.0. There was a cocrystallization inhibitor mercaptoethanol in the crystal structure of meso-2,3-BDH. We referred to mercaptoethanol coordinates to generate cube docking box. The docking center and dimensions of the binding box were set as the Ser139-OG and 15
A to prepare the docking input files in the LePro interface. The docking was run to search against the conformational and flexible space of ligand bound in the enzyme-binding pocket. The number of binding poses was set at 100. Those binding modes which share the most similarity with crystal structure and fulfill catalytic mechanism were considered as the promising candidates.
Molecular dynamics simulation
The docking structures were used as the start of the molecular dynamics simulations. Parameters for the cofactor and AC were generated with ACPYPE [32] , using generalized amber force field, with AM1-BCC atomic charges. The standard AMBER force field (ff14SB) [33] was used to establish the potential of meso-2,3-BDH. Each system was solvated in a truncated octahedron box full of explicit TIP3P water molecules with a 10 A buffer along each dimension. The systems were neutralized by adding 2 Na+ ions for each complex system. This resulted in a system size of~32 000 atoms. A three-stage geometry optimization approach was performed. The first stage minimized only the positions of solvent molecules and Na+ ions; the second stage minimizes the H atoms, and the third stage was an unrestrained minimization of all the atoms within the simulation cell. The three rounds involved minimization with 2500 steepest descent steps followed by 2500 conjugate gradient minimization steps. The systems were then gently heated by incrementing the temperature from 0 to 300 K at constant volume and using periodic boundary conditions. Harmonic restraints of 100 kcalÁmol À1 were applied to the protein and small molecules, and the Langevin temperature coupling scheme was used to control and equalize the temperature. Long-range electrostatic effects were modeled using the particle mesh Ewald method [34] . A 10 A cutoff was applied to Lennard-Jones and electrostatic interactions.
Bond lengths involving bonds to hydrogen atoms were constrained using SHAKE. Subsequent NPT-MD was used for 400 ps to adjust the solvent density with a 2 fs time step under a constant pressure of 1 atm and temperature of 300 K. Production trajectories were then run for additional 100 ns under the same unrestrained simulation conditions. Energy minimizations and MD simulations were performed Sequences are grouped based on the similarity. Alignment of 3A28, 3WYE, and 4WEO has 50%, 78%, and 42% sequence identity with 1GEG. Conserved motifs are highlighted and the residues which are strictly conserved among groups are shown in white color with red background. Three catalytic residues (Ser139, Tyr152, and Lys156) are shown at the bottom of the alignment in green. Symbols above the sequences denote the secondary structure, springs represent helices, and arrows represent b-strands.
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with the SANDER program of AMBERTOOLS 15 (University of California San Francisco, San Francisco, CA, USA). Trajectories of 100 ns lengths were separately analyzed with the program CPPTRAJ, with conformations extracted every 10 ps. The figures of the structure model which represent the conformations were extracted from the MD trajectories and been prepared through employing the PyMOL (Schro¨-dinger, Inc, New York, NY, USA) software package.
Calculation of the AC/residue interaction
The AC/residue interaction is valuable to qualitatively define the binding mechanisms of the AC to enzyme. Perresidue free energy decomposition was performed using every frame from 15 to 60 ns by MM/GBSA [35, 36] method and consisted of four energetic terms: Strains, plasmids, primers, and culture conditions Klebsiella pneumoniae was grown at 37°C. Escherichia coli BL21-Gold (DE3) as the cloning and expression hosts were grown at 37°C. Plasmid pET28a-SUMO was used for the meso-2,3-BDH expression. All strains were cultured in LB medium. Primers synthesis and DNA sequencing were carried out by the Beijing Genomics Institute (Beijing, China). Enzyme and related reagents for DNA manipulation were purchased from TaKaRa Biotech (Dalian, China). The plasmids and genomic DNA were prepared with Mini-prep Kit Tiangen Biotech (Shanghai, China). All other chemicals, unless otherwise indicated, were obtained from SigmaAldrich (Saint Louis, MO, USA).
Cloning, expression, and purification of KpBDH
The encoding sequence of budC gene was amplified by PCR from genomic DNA of K. pneumoniae using the following primers: BDH1 (5 0 -CGCGGATCCATGAAAAAAGTCG CACTTGTCACCGG-3 0 ) and BDH2 (5 0 -CCCAAGCTTT TAGTTAAACACCATCCCGCCGTCGA-3 0 ). The BamHI and HindIII restriction sites were introduced into the primers (BDH1: BamHI and BDH2: HindIII). The PCR conditions were as follows: 30 cycles of 30 s at 94°C, 30 s at 58°C, and 1 min at 72°C after initial denaturation for 5 min at 94°C. The amplified product was cloned into the vector pET28a-SUMO at BamHI and HindIII sites, resulting in the recombinant plasmid designated as pET28a-SUMO-KpBDH. The recombinant E. coli BL21-Gold/ pET28a-SUMO-KpBDH was obtained through heat shock transformation. The recombinant strain was cultivated at 37°C in a 500-mL flask which contains 200 mL LB medium with 50 ngÁlL À1 kanamycin. The cells were induced at about 0.8 at OD 600 with 0.5 mM IPTG and harvested by centrifugation after 4 h. The harvested cells were resuspended in the binding buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.0) and disrupted by sonication in an ice bath. The lysed cells were centrifuged at 12 000 g for 30 min to remove the debris. The soluble fraction was subjected to purification using a His Trap HP column according to the purification protocol (GE Healthcare, Little Chalfont, UK). The eluate from the column was pooled and desalted by a Hitrap desalting column (GE Health-care). The purified enzyme was removed the SUMO-tag by ULP 1 protease and analyzed via SDS/PAGE.
Construction of mutants
The pET28a-SUMO-KpBDH plasmid containing the recombinant budC gene templates for PCR-based site-directed mutagenesis were generated with the Mut Express II Fast Mutagenesis kit (Vazyme, Jiangsu, China). The PCR primers were listed in Table S1 . The PCR mixture contained less than 1 ng of template plasmid, 25 lL of 2 9 Max Buffer (Mg 2+ plus), 4 lL of dNTP (2.5 mM each), 2 lL of each primer (10 lM), and 1 lL of Phanta Max Super-Fidelity polymerase (Vazyme) in a total volume of 50 lL. The PCR reaction was carried out under the following conditions: 98°C denaturation for 1 min, 25 cycles of 98°C denaturation for 10 s, 60°C annealing for 10 s, and 72°C extension for 7 min. The PCR product was purified and then digested with DpnI, which specifically cleaved the adenine methylated template. The digestion mixture contained 40 lL of purified PCR product and 1 lL of DpnI (10 UÁlL
À1
). The digestion was conducted at 37°C for 2 h. Then, the mixture was transformed into competent cells (E. coli BL21-Gold) using the heat shock method at 42°C for 90 s. Finally, colonies were cultured on LB agar plates. The entire mutant gene was sequenced to verify that no other alterations were introduced into the nucleotide sequence.
Enzyme kinetic assay
The catalytic activity of enzyme was measured by following either the oxidation of NADH or the reduction of NAD+ at 340 nm. The protein concentrations of all samples were determined using the bicinchoninic acid method with bovine serum albumin as the standard protein. Kinetic parameters were determined using diacetyl, AC and butanediol as the substrates. Multiple measurements with a series concentration (0.02837, 0.05674, 0.113495, 0.2837375, 0.5674725, 1.134945, 2.837375, 5.674725, 11.34945, 28.37375 mM) of diacetyl were performed in the presence of 0.30 mM NADH. The parameters for (2S, 3S)-2,3-butanediol and meso-2,3-butanediol were analyzed in the presence of 0.28 mM NAD+ in the same approach. Both reactions were done at 25°C. The K m and V max values were calculated by R language using a nonlinear regression model.
Results and Discussion
Molecular docking
The crystal structures of several BDHs have been determined, but the interaction of the enzyme and substrates (AC and 2,3-BD) is still unknown. To investigate the interaction characteristics, we carried out molecular docking to gain insight into AC binding mechanism. A reasonable binding orientation is required for the reactions to take place because the reduction/oxidation of AC involves hydride and proton relay mechanism in BDHs. As shown in Fig. 2 , the AC binds in the active pocket containing Ser139, Gln140, Ala141, Leu149, Tyr152, Gly183, Ile184, and Trp190. The carbonyl oxygen of AC forms two hydrogen bonds with the hydroxyl group of Ser139 and Tyr152. Ser139 and Tyr152 are catalytic residues in SDR enzymes, which have been intensively studied [37, 38] . The Ser139 residue is suggested to be involved in the binding of substrate, the reaction intermediate and the product by donating a proton to alkoxide ion. The Tyr152 residue acts as a general base for proton transfer. The catalytic distances are 3.0 A (Ser139OG-ACO1) and 2.5
A (Tyr152OH-ACO1), respectively. Additionally, the distance between the C4-H atom of NADH cofactor and carbonyl carbon of AC is important as it is involved in the hydride transfer step, where the hydride attack distance is 1.85
A. Four semiconservative residues, Ala141, Leu149, Ile184, and Trp190, have a hydrophobic contact with AC. Finally, the docking pose fulfilled catalytic distances criteria and led to a correct catalytic binding orientation.
Molecular dynamics simulation
To analyze the conformational changes in further detail, molecular dynamics simulations were performed based on the docked conformations. To ensure the dynamics stability and the rationality of the sampling strategy of a computer system, the root-mean-squaredisplacement (RMSD) values of the protein backbone atoms were calculated based on the crystal structure (Fig. 3A) . The RMSD plots indicate that each complex achieves equilibrium around 10 ns and stabilizes around 1.8
A. There was a drastic fluctuation at 80 ns, which may be caused by the fact that the size of AC is very small (see later elucidation). The RMSF value (Fig. 3B) indicates that the residues of the active site are relatively strong, and the aFG1, aFG2, and ahelix4 regions are very flexible. According to previous research, the very small substrates are usually unable to maintain a productive orientation in the active site, and in many cases the substrates diffuse to the solvent after a short simulation time [21] . It was speculated that small ligands diffused from the protein into the solution, resulting in significant changes in the conformation of a4-helix (consists of residues 100-110) and aFG1, aFG2 regions. The above results suggest that the AC had been dissociated from the binding site. Therefore, we explored the stability of catalytic hydrogen bonds (Fig. 3D ) and monitored the dissociation process. We used the RMSD (Fig. 3C ) of the heavy atoms of the AC after superimposing the backbonebinding site residues onto the crystal structure. AC diffusion to the solvent experienced three different metastable stages which included binding stage (10-43 ns), release stage (43-54 ns), and no-ligand stage (58-100 ns). In addition, releasing AC molecules sustained time of 4 ns. The above results were exactly in accordance with the catalytic distance data. We did not observe a strong persistency of the H-bond between the carbonyl group of AC and catalytic residues, which means that the binding mode of AC was not stable. Direct trajectory observations (Fig. S1) showed that the AC diffuses to the solvent. Similarly, molecular dynamics simulation on the same system showed the same pathway in GROMACS 5.0.4 (University of Groningen, Groningen, the Netherlands). The results demonstrate the reproducibility of product release. In summary, catalytic distance fulfilled catalytic distances criteria in binding stage. In the release stage, catalytic distance was greater than 5 A, OD1 atom of Asn146 formed hydrogen bond with hydroxyl of AC. In noligand stage, Fig. 3E clearly showed that the two short a-helices moves outwards the NAD + -binding domains and therefore led to the close to open transitions with a most significant 25-degree swing [39, 40] , which were consistent with dramatic fluctuations after 80 ns in RMSD diagram. This conformational change was called mousetrap model. The substrate was a bridge that connects aFG2 and a4-helix. We speculated that it was convenient for substrate or coenzyme to enter and get out. Protein motion was like a mousetrap model which coupled with catalysis. These results confirmed that the key role of the binding loop structure and conformational changes in the catalytic cycles.
Identification of key residues for product release
The MD analysis suggested that there is force, interaction between residues and AC during product release, acting on AC to promote its release. To further analyze and identify the key residues actively involved in product releasing, we have considered using a cavity detection approach for modeling the pathway within the protein molecule. At present, there are four methods available to analyze pathways, which are gridbased, Voronoi-based, surface-based, and probe-based methods [41] . In this work, tunnel calculations were conducted with the program CAVER 3.0 (Masaryk University, Brno, Czech Republic) which successfully identified channel active residues in a lot of reports [42] [43] [44] . Catalysis residues Ser139 and Tyr152 were selected to obtain the starting point of the tunnels. In each snapshot, pathways with a bottleneck radius equal to or larger than 0.9 A were identified, the pathways were then clustered by the average link algorithm based on the pairwise distance of the pathways. The threshold to clustering pathways was set from 3.0 A. Two tunnels (Fig. S2) were found in the enzyme. One of them was consistent with the trajectory observations. We explored the amino acid composition of the tunnels. The residues listed in Fig. 4D lining the access tunnel which played a different role for substrate release. It revealed that meso-2,3-BDH possess a hydrophobic tunnel connecting the protein exterior to the catalytic center. Previous studies from our lab have shown that the Asp194Gly mutation resulted in a dramatic decrease in the meso-2,3-BDH enzymatic activity with no apparent effect to substrate binding [19] . Through our MD analysis, it is revealed that Asp194 was not the key residues that make up the channel, but Asp194Gly mutation disrupted hydrogen bond with Trp190 (Table S2) .
The MM/GBSA free energy decomposition analysis was performed to provide quantitative information about the AC/residue pair interaction through the MMPBSA.PY program in AMBERTOOLS 15. Analysis of the energy contribution of each residue in binding stage and release stage showed that Phe212 and Asn146 have the biggest difference (Fig. 4A) . The contributions favoring AC escape from the active pocket are those from the electrostatic interaction of AC with Asn146 (Fig. 4B) and Van der Waals interactions of AC with Phe212 (Fig. 4C) . Although the electrostatic interaction of AC with Asn146 was partially counteracted by the polar solvation energy, this force was the most important contribution for AC release which was in agreement with the forming H-bonding between Asn146 and AC. The carbonyl oxygen of the amide bond of Asn146 formed hydrogen bond with hydroxyl of product in release stage, and was observed for hydrogen bond occupancy up to~42%. Occupancy is defined as the percentage of structures that show a hydrogen bond. In other words, Asn146 located the second shell of active pocket at the entrance of the channel formed the hydrogen bonds which was the first step of product release (Movie S1). To elucidate the significance of the hydrogen bond we designed two mutations. Glutamic acid has one additional methylene group in its side chain which increased the probability to form hydrogen bond. Prior to our design, Asn146Phe lost most of the enzyme activity which greatly supported the hypothesis. Van der Waals interaction is the main force between AC and phenyl ring of Phe212. To strengthen the pulling, a new mutation was introduced. Tyrosine has a hydroxyl group attached to the benzene ring at its para position which artificially added a hydrogen bond with AC.
We analyzed the potential mutation sites conservation after sequence alignment by Clustal Omega (http:// www.ebi.ac.uk/Tools/msa/clustalo/). As a result, close to a quarter of the probability appeared Phe212Tyr mutation in 200 AC reductase sequences which was downloaded from UniRef90 database (Fig. 4D) . Assay conditions: the reduction reactions were prepared with 100 mM potassium phosphate buffer (pH 8.0) and 0.25 mM NADH, the oxidation reactions were prepared with 100 mM Gly-NaOH buffer (pH 9.2) and 0.28 mM NAD+. Various concentration of (3S/3R)-AC, meso-2,3-BD, (2R,3R)-2,3-BD, and (2S,3S)-2,3-BD range from 10 lM to 20 mM at 25°C. The K m and k cat values were obtained by nonlinear fitting with the Michaelis-Menten equation.
Kinetic constants of the WT and mutations
Based on the structural and sequence analysis, strategies involved the improvement of the repulsion of substrate which was diffused to solvent and therefore increase the catalyst turnover number of enzyme was developed. Asn146 was mutated to Gln or Ala, and Phe212 was mutated to Tyr in separate mutants. To determine the mutant enzyme activity, we expressed them in His-sumo-tagged version, purified and analyzed activity in vitro. The molecular mass of the protein encoded by the His 6 -SUMO-budC genes was approximately 40 kDa. The protein was submitted to tag cleavage in the presence of ULP 1. His 6 -tagged sumo (apparent molecular weight of 13 kDa) and uncleaved protein did not elute from the resin [45] . SDS/PAGE analysis of the purification steps showed that the protein was successfully purified to > 95% homogeneity (Fig. 5) . We determined the K m , V max , and k cat values for the engineered enzymes. The designed mutations indeed changed enzyme activity upon diacetyl, (3S/3R)-AC, meso-2,3-BD, and (2S,3S)-2,3-BD (Table 1) . Two single-mutation variants (Phe212Tyr and Asn146Gln) were capable of catalyzing diacetyl, (3S/3R)-AC reduction and meso-2,3-BD, and (2S,3S)-2,3-BD oxidation. No activity was detected in Asn146Ala mutation. K m of Asn146Gln mutant was increased twofold for DA and AC substrates, and the other catalytic parameters were not changed significantly. Particularly, k cat of Phe212Tyr mutant was increased three-to sevenfold for the four substrates, whereas the K m was less change for meso-2,3-BD and (2S,3S)-2,3-BD, and increases by two-to threefold for DA and AC. As a result, catalytic efficiency (k cat /K m ) was increased by two-to threefold. It was found that an additional phenolic hydroxyl group interacted with product carboxyl groups (diacetyl, (3S/3R)-AC), which drove the release of product, and correspondingly increased the catalyst turnover number and K m compared to the wild-type enzyme, by MD simulation of Phe212Tyr mutation. When AC diffused into the middle of the channel, the phenolic hydroxyl orientation of Phe212Tyr changed from outside to the inside of the protein and formed hydrogen bonds with AC (Fig. S3) . We designed and performed two additional mutations. Compared with wild-type, the K m of Phe212Ser mutant for the four substrates was increased by three-to eightfold and the k cat was reduced by 28-84%. This result suggests that enzyme activity is suppressed by the high flexibility of the side chain hydroxyl group which easily bound with substrates. The K m of Phe212Trp mutant for DA, AC, and meso-2,3-BD substrates was reduced by 27-46% and increased by 1.6-fold for (2S,3S)-2,3-BD, and the k cat was reduced by 7-98%. This result suggests that a large indole ring of the tryptophan's side chain affected on binding of residue with substrates and products. These site-directed mutagenesis experiments demonstrated that the selected three amino acids affect enzyme activity to a different extent. The kinetic parameter, k cat , combined all the steps from the ternary complex of enzyme-NAD-AC to the release of the last product (NADH) in the reaction, represents the slowest rate-limiting step during catalysis, which could change remarkably depending on the relative rates of the chemical reaction, product-, and cofactor-release steps [46] . Phe212 located in the middle of aFG2 were very distal to the binding pocket. Asn146 was located near the active pockets, but has not been involved in catalytic reactions. The K m of the two sites mutant was all increased by twofold or so, respectively. Therefore, the change in k cat value represents mainly product-and cofactor-release steps. According to our MD simulation, the release of the first product caused conformational change and then cofactor can be released. Based on the above inferences and experiment results, we can use the k cat to represent the product-release steps. These results could contribute to SDRs rational design research in future.
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